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JEL CODES: N53, N93, Q10, Q19.
Understanding the replacement of soil nutrients removed by harvests providesinsight into human influence on land fertility. The nitrogen (N), phospho-rus (P) and potassium (K) content of cropland in the province of Barcelona
circa 1920 was examined with the aim of improving the methodology from a previous
study of cropland nutrient balance circa 1860 in a municipality located in the same pro-
vince. The main fertilization differences between the two studies involve the use of more
manure per hectare circa 1920 and the occurrence of more N fixation due to legumi-
nous crops. Though slightly negative for K, the data generally exhibited a nutrient in-
put/extraction balance. Also noteworthy is the fact that by the latter date synthetic fer-
tilizers had become available. The methodological limitations that constrain a full
comparison of the results of the two studies have been provided. Finally, although we
could not disaggregate the data on fertilizer per crop type, the results lead us to consi-
der the relationship between fertility and inequality.
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Alimentando suelos: balances de nutrientes en el
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balance regional de nutrientes, cambio agrario.
CÓDIGOS JEL: N53, N93, Q10, Q19.
Comprender la sustitución de los nutrientes extraídos por las cosechas nos ayudaa entender la influencia de los seres humanos sobre la fertilidad. Hemos hechoun balance de N, P y K en tierras de cultivo de alrededor de 1920 de la provin-
cia de Barcelona. El objetivo era mejorar la metodología de un estudio previo sobre el
equilibrio de nutrientes de la superficie de tierra agrícola en un municipio situado en la
provincia de Barcelona alrededor de 1860. También se han incluido las limitaciones
metodológicas que restringen la comparación de los resultados de ambos estudios. La
principal diferencia en cuanto a fertilización entre los dos balances es que aproxi-
madamente en 1920 aparecen los fertilizantes sintéticos y, además, hay más estiércol
por hectárea y más fijación de N a través de las leguminosas sembradas que alrededor
de 1860. El balance global indica que las extracciones de nutrientes estaban en equi-
librio con las adiciones, aunque el balance es ligeramente negativo para el K. Por úl-
timo, aunque no pudimos desagregar las entradas de fertilizante por tipo de cultivo, los
resultados nos llevan a considerar la relación entre la fertilidad y la desigualdad.
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1. INTRODUCTION: NUTRIENT FLOWS, HISTORY AND
AGRICULTURAL SYSTEMS
Accounting for the flows of nutrients within a system nowadays allows assessing the im-
pact of waste related to human activities in the environment. For example, Kimura and
Hatano (2007), and Kimura, Liang and Hatano (2004) assessed the increasing N pollu-
tion in the agricultural system of the city of Hokkaido (Japan) due to the separation of
consumption and production food sectors during the twentieth century. Lassaletta et al.
(2013) analysed the increase of N emissions within Spanish river basins due to the change
in diet patterns from 1960 to 1990. Billen et al. (2007a) explored the changing relationship
between the population of Paris and the Seine River over 500 years through the quanti-
fication of N, P and Si flows. 
However, when applied to prior periods, the analysis of nutrients flows has given in-
formation about the relation between harvests and the management practices to add nu-
trients to soils. The studies of the impacts of rotations including legumes (specially the
Norfolk rotation) and convertible husbandry in England and Northern Europe until they
reached productivity ceilings are well known examples (Allen, 2008; Chorley, 1981). The
study of Tello et al. (2012) attempted to do a similar study for the Northeast of the
Mediterranean Iberian Peninsula taking as a case of study the municipality of Sentmenat
circa 1860. Due to lack of data, they could not follow the nutrient flows in other (more
arid) municipalities, crop type or rotation or extend the analysis in time. They concluded
that, probably, to balance the soil nutrients of some crop types, others such as vineyards
had to be short of nutrients. We aim to expand that study by doing another case circa 1920
to assess the evolution of the importance of organic and synthetic fertilizers for the main-
tenance of fertility.
The case circa 1920 should be interesting because the area had just recovered the share
of vineyard land (50% of the cropland area) of 1860, which was destroyed at the end of
the century by the Phylloxera plague. After the outbreak, the grape growers increased the
yield of the crop, mainly through the increase in manuring and the use of chemical fer-
tilisers (Badia-Miró et al., 2010). 
The changes of Barcelona city between 1860 and 1920 (the medieval walls were de-
molished and the city expanded annexing the nearby municipalities) had strong impli-
cations to the fertility of the surrounding areas as well. During this period, it was the sec-
ond city in Spain in number of inhabitants (710,335) very close to the 750,896 of the
capital Madrid (INE, 1920). This involved a high potential as a producer of organic ma-
terial but overall a high –and growing– demand of agricultural produce from the sur-
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rounding areas. It was one of the first ones in the Mediterranean making a systematic use
of fossil fuels (importing mineral coal) for industrial and urban uses (Sudrià, 1987) which
also could influence the availability of organic matter in the area. Finally, the area of
Barcelona was involved in the First Globalisation through international trade (e.g. coal
and raw cotton imports and wine exports). That could expand the use of synthetic syn-
thetic fertilisers throughout the area, although not N because the Haber-Bosch process
did not spread globally until the end of Second World War (Smil, 2001).
FIGURE 1
Location of the study area: the municipality of Sentmenat and neighbouring
townships in the province of Barcelona and Catalonia (Spain)
Source: Marull, Pino and Tello (2008).
Comparing the nutrient balance of the same case study at the beginning of the twenti-
eth century would be very interesting in order to analyze the transition towards an in-
dustrial mode of agriculture. However, the limited availability of sources will constraint
the analysis and compromise the interpretation of the results. Nevertheless, the analysis
of sources and surpassing obstacles to reconstruct the nutrient flows of past agricultural
systems is a result by itself: […] even admitting a margin of error, which can only be re-
duced through future calibration and comparison with other balances, we believe that the use-
fulness of this assessment lies in its heuristic function (Tello et al., 2012: 376).
2. MATERIAL AND METHODS 
2.1. Scale justification and limitations
For the analysis c. 1920, we used the data at the only available scale, the province, whe-
reas Tello et al. (2012) used municipal scale. These differences on scale are the result of
the historical processes that created the available sources.
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During the nineteenth century, the configuration of the Spanish liberal State and a cen-
tralized tax office gave rise to the consolidation of a new and unified Spanish fiscal sys-
tem. From then, not only a number of cadastral surveys and statistical information of the
mid-nineteenth century are available as historical sources. Additionally, as a reaction to
the new taxes on land, some towns and villages all over the Spanish State declared land
by providing detailed information about land properties, in the form of reports, maps, etc.
However, opposite as the consolidation of other liberal states such as France or the Aus-
tro-Hungarian Empire, this process was done in a chaotic way and the information that
remains today is far from centralized, complete and homogeneous. From 1860s onwards
the main source for calculation of the State agricultural taxes were the amillaramientos
surveys about rural properties and its monetary value, which is the main source that we
used for these years (Muro, Nadal & Urteaga, 1996). 
At first, these amillaramientoswere conceived as a temporary expedient until the Span-
ish cadastre ended, but as this eventually did not happen in the nineteenth century, they
remained in a fossilized state. From the beginning of the twentieth century and until the
end of that monarchic regime with the Second Spanish Republic, they became increas-
ingly out of date. As a result, the tax system deteriorated and became more and more con-
flictive, which also entailed the deterioration of the amillaramientos as a reliable histori-
cal source. 
Hence, the amillaramientos have some disadvantages as a statistical source. First, as
they were a fiscal instrument, some information could have been omitted or distorted to
avoid the payment of higher taxes. Second, the information is rather general, they offer
mainly total areas of irrigated and rainfed land classified by the main agricultural uses
(grains, vines, olive orchards and other arboriculture crops, pastureland and woodland)
without specifying rotations and fallow land. To turn this basic information on land uses
into taxable incomes some converters, such as average yields, current prices of products
and usual cost of the main inputs (labour, draught power, seeds, manure, etc.) were re-
quired. This information was provided by the cartillas evaluatorias, a crucial document
only rarely kept in local archives –thus obliging us to resort to the few that are available
which do not always correspond to the particular local conditions of the area studied.
Third, once the land of a municipal territory had been classified in the first amil-
laramiento, only the final distribution of the tax burden according to the taxable incomes
assigned were updated over time. This does not provide enough periodicity to make a real
series (GEHR, 1991). Last, but not least, the information on land uses was only kept at
municipal level and no aggregated statistics was compiled at district, provincial or national
level throughout this period.
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In 1879, the Ministerio de Fomento established the Servicio Agronómico de España
to centralize the surveys dealing with the agricultural sector. It was organized by the chief
agronomist engineers of each province and a higher level of nine engineers located in the
capital, which were known as the Junta Consultiva Agronómica, which published some
reports until the reform of 1927, when a series of agricultural yearbooks started (GEHR,
1991). Notwithstanding, the information that they generated in the first decades of its ex-
istence was incomplete and poorly detailed, and the local surveys that the engineers of
each province used to compile in the provincial reports during all the lifespan of the Junta
Consultiva Agronómica have never been found (GEHR, 1991).
Summing up, for the years 1845-65 we have a number of local sources, but it is almost
impossible to find and group them to allow the aggregation at provincial scale or even
other smaller administrative units such as the comarcas (similar to English counties). Then,
from the 1860s to the 1890s there is an authentic statistical blackout, created not only by
what has been explained above but due to the tumultuous period of the Sexenio Revolu-
cionario (1868-73) and the Third CarlistaWar (1872-76), followed by a lack of interest
to renew the fiscal system in the first decades of the Restauración Borbónica (1874-1931).
It was only after 1890, when the idea that the State had to become an active stakeholder
in the economic improvement of the country, that we start to have a proliferation of ag-
gregated statistical sources, by Province and sometimes by partido judicial (similar to Eng-
lish districts), but not local districts. As a result, from 1845 to 1865 we can carry out many
local case studies but there are not historical series at provincial and national level. Iron-
ically, after the statistical blackout from 1860 to 1890, we can start relying on the series
and surveys compiled by the Junta Consultiva Agronómica (JCA) at provincial or national
level, but no local information is available. 
Tello et al. (2012) selected Sentmenat (Figure 1) as a local case study for two main
reasons, the availability of sources and the long trajectory of research on these sources.
The aristocrat lineage of the Marquises of Sentmenat had carefully preserved their pat-
rimonial documents over the centuries, and they finally donated it to the main archive of
Catalonia, the Arxiu de la Corona d’Aragó. The richness and detail of these records al-
lowed a number of studies. As the feudal and landlord bookkeeping together with copies
of probate inventories and wills contained a great deal of information about land uses, crop
yields, water conflicts, rents, tithes, wages, litigations, etc. (Badia-Miró & Tello, 2014;
Cussó, Garrabou & Tello, 2006; Garrabou et al., 2001, 2010; Millán, Tello & Jover, 2006;
Serra, 1988; Soto & Batet, 1997).
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2.2. Characteristics of the study site and limitations of the sources
We cannot compare the evolution of land uses due to scale differences. In addition, the
category “Improductive” c. 1860 includes land uses that c.1920 are considered as part
of the category “Forest”. However, we have included the land uses from Tello et al. (2012)
to provide basic information of their case study c. 1860. 
TABLE 1
Main characteristics of the municipality of Sentmenat and the province of Barcelona
c. 1860 Sentmenat c. 1920 Barcelona province
% total area
Forest 25.1 56.9
Improductive 15.6 5.6
Cropland 59.3 37.5
% cropland area
Cereal and leguminous rainfed 13.2 26.5
Cereal and leguminous irrigated 5.7 5.4
Roots and bulbs 4.1
Horticultural land 0.9 3.2
Industrial 0.1
Forages 8.0 3.2
Olive and fruit trees 7.5 5.2
Vineyard 64.7 52.4
Population density (inhab/km2) 59 176 (61*)
Livestock density per cropland area (LU 500 kg/km2) 12 40 (8**)
*For the municipality of Sentmenat. 
**For the partido judicial of Sabadell, to which Sentmenat belongs for the census of 1917.
Source: Tello et al. (2012) and INE (1920), MF (1924), JCA (1920, 1923).
In the province of Barcelona the share of forest land was higher than the 10-15% that was
observed for the most of Spain by the geographer Huguet del Villar in 1921 (Tello & Su-
drià, 2011). The half of the cropland was occupied by vineyards, although they were not
as the pre-Phylloxera vines of the ninetieth century. To overcome the plague, European
varieties of had to be grafted into American rootstocks and protected from the diseases
that accompanied them such as the mildiu or downey mildew (Plasmopara viticola) (Pi-
queras, 2005). Some farmers also started to fertilise them (recall that the pre-phylloxera
vines were not fertilized). As a result this new viticulture needed more labour than before,
up to 94 man-equivalent working days per year per hectare, vis-à-vis the 25 needed in ex-
tensive cultivation of cereals with fallow that was practiced in inland Spain and the
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province of Lleida (Badia-Miró et al., 2010). The second largest crop was rainfed cereal
and leguminous crops.
In Sentmenat, population densities were similar in the two periods. However, the high
population and livestock densities of the province of Barcelona are due to the influence
of Barcelona city, which was the second city in Spain in number of inhabitants, just af-
ter the capital Madrid (INE, 1920). As happened with other cities such as Paris (Barles,
2007; Billen et al., 2007b), it was more likely that the cropland areas surrounding
Barcelona took advantage of dumping from these high population and livestock densi-
ties. However, although we can disaggregate the population densities to municipal scale
and livestock to partido judicial, crop type areas are only at province scale. Therefore, to
aggregate the analysis at the provincial scale, we are assuming that the fertilizers were dis-
tributed equally. In order to interpret the balance though, we will take into account that
for areas distant from Barcelona it was probably more negative.
Other effects that cannot be discriminated in the provincial balance are the differences
of yields between regions. We know that the yields of cereals in Sentmenat area could have
been lower than in other places of the province of Barcelona such as Osona (Garrabou
et al., 1995). Moreover, the sources show two moments of time because the annual vari-
ability could lead us towards uncertain conclusions (cartillas evaluatorias used to be five-
year compilations and the report from Junta Consultiva Agronómica only related to one
year). In addition, we had to use the same sources in both years for nutrient content, there-
fore we cannot specify nutrient variations in the composition of ancient crop types and
cultivars due to lack of reliable information. 
Summing up, what is left for comparison between 1860 and 1920 due to scale mis-
match is: a) the type of fertilizer; b) the composition of harvest; and c) the relation be-
tween what is extracted and what is added, i.e. the nutrient balance.
2.3. Methodology of NPK balances in historical farm systems
A nutrients balance or budget is to account for the nutrient flows of a system. The flows
considered will vary depending on the conceptualization of the system. The system
boundaries (e.g. cropland soil, farm gate, etc.) and the scale (e.g. farm, with or without
livestock, regional, national, etc.) vary depending on the purpose of the analysis (Oenema,
Kros & De Vries, 2003).
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Figure 2 shows the flows distinguished in the present study and Table 7 details the
sources to quantify these flows. We followed the “Guidelines for Constructing Nitrogen,
Phosphorus, and Potassium Balances in Historical Agricultural Systems” (Garcia-Ruiz
et al., 2012; González de Molina, 2010) for the present study. We do not want to repeat
here the methodology that is published elsewhere. In this section, we explain the method-
ological details to calculate flows of manure and humanure1 and the losses of N through
nitrification, volatilization and leaching to adapt them to our data. We also included the
methodological differences between the balance c.1860 and c. 1920 and its implications.
FIGURE 2
Scheme of the nutrient flows considered
Dark arrows represent addition of nutrients, light grey arrows are extractions and losses.
Source: own elaboration.
2.3.1. Differences from manure estimation
García-Ruiz et al. (2012) had the data of carts of manure used and the application rates
on fields. However, this information was not available for our area even though the exis-
tence of the report Materias fertilizantes empleadas en la agricultura (JCA, 1921), where
provincial engineers of the Spanish state quantified the amount of any kind of material
applied to agricultural soils in 1919. There, the engineers quantified the amount of ma-
nure applied to fields by estimating the manure available per province, but they did not
1. We preferred to use this elegant way when referring to human fecal material and urine and its po-
tential as fertilizer (JENKINS, 2005) as started to be used in scientific journals e.g. SCHNEIDER and
MCMICHAEL (2010) instead of a large and confusing list of euphemisms.
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indicate how they made the estimations. In addition, the numbers for manure in Barce-
lona province are not coherent throughout the text. Moreover, they estimated that ap-
proximately 40% of the cropland of the entire province was not fertilized, but as they did
not specify the unfertilized area per crop type, the application rates of fertilizers per crop
type that they provide are useless for us for this purpose. For these reasons, we decided
to calculate the availability of manure using the nearest livestock census (Table 7) and not
to disaggregate the balance per crop types.
García-Ruiz et al. (2012) indicate that as sheep and goat did not use to be penned at
night it is reasonable to assume that only one third of the manure produced was available.
However, we did not apply this because we used the manure production data from Cascón
(1918), who only reported the manure collected in barns, but not the manure that re-
mained in pastures.
We increased the number of sources for manure and humanure production (Table 2)
and composition (Table 3) than those used in Tello et al. (2012). Two main concerns mo-
tivated this change: the huge potential variability of data (as production and composition
of manure relies on a number of factors such as diet, age, activity, etc.) and the lack of
dry weight data. We included Standard Deviations for manure and humanure to leave
some space for variability and thus increasing the robustness of the analysis.
TABLE 2
Averages of manure production of each livestock type (kg·day-1·head-1)
Livestock type Manure (kg·day-1·head-1)
Cows and oxen 27.4±7.3
Horses 20.1±4.9
Mules 17.3±3.7
Donkeys 8.9±2.4
Sheep 1.9±1.1
Goats 1.6±1.1
Swine 7.0±2.8
Source: see Table 7.
The average for all livestock types together were coherent with the ones that Gotaas (1956)
reported as average for stable manure at fresh state: 70-80% moisture, 0.3-1.9% N, 0.1-
0.6% P2O5 and 0.3-1.2% of K2O. Also, with those adopted by Gallego (1986) 0.62%
N, 0.27% P2O5 and 0.63% of K2O.
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TABLE 3
Average values of nutrient composition of manure (% of fresh weight)
Average manure type N (% fresh weight) P (% fresh weight) K (% fresh weight) Water (%)
Cows and oxen 0.60±0.25 0.13±0.06 0.53±0.43 72.91±14.00
Horses and other from horse family 0.60±0.05 0.12±0.01 0.46±0.12 70.25±7.09
Sheep and goat 0.89±0.18 0.16±0.08 0.46±0.10 64.33±4.04
Swine 0.52±0.08 0.15±0.05 0.38±0.10 80.17±5.78
Source: Galán (2015: Annex 4.B).
2.3.2. Differences from humanure estimation
A number of sources recognise the use of human faeces at some degree of composting
from human settlements where cesspits were used for disposal of human faeces. This was
a common situation of Catalan villages, even for cities like Barcelona that c. 1920 still was
waiting for the renewal of their sewage system as the one proposed by García Faria (1893).
When discussing the awareness of farmers to replenish nutrients from soil, Cascón
(1918), from his experimental farm in Palencia, praises Catalan farmers because there
were known to use human faeces as fertilizer. JCA (1921) gives details –but does not quan-
tify2– about how cesspits from Barcelona were emptied and then how human faeces were
treated and transported to be sold to the farmers of the surrounding coastal horticultu-
ral lands to cultivate vegetables that were eventually sold to Barcelona. This kind of nu-
trients recirculation from city to fields has also been reported by several cases also at the
beginning of the twentieth century (Billen et al., 2007a, 2007b; Ellis & Wang, 1997; Ki-
mura, Liang & Hatano, 2004; Kimura & Hatano, 2007). It even was recommended by
engineers of the beginning of the twentieth century such as King (1911) or the Spanish
García Faria (1893).
In the first half of the twentieth century in Catalonia, there were broadly three types
of human settlement: disseminated rural houses or group of houses (population that in-
habits in 10 buildings or less is accounted as “disseminated” by Nomenclator), concen-
trated rural villages and urban areas (Esteve, 2003). To estimate the humanure available
for agriculture, we associated the potential collection of faeces through three disposal sys-
tems typical of each settlement type. Disseminated rural settlements used manure heaps.
Concentrated rural villagers used cesspits, which were sealed or were emptied from time
2. Also, a recurrent problem when trying to collect statistical information about the application of
human faeces is the ambiguity of naming them, usually referred as abonos flamencos, letrinas or fenta,
and although they were specific forms of preparation of human faeces, e.g. poudrette or Abonos Lucas
(LLORENTE & GALÁN, 1910), the agronomists in charge of the statistics use them equally.
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to time by farmers. Finally, urban populations had a mixture of cesspits and insufficient
sewage systems that released human waste directly to water bodies.
The report from García Faria (1893), quantified Manchester waste flows as one third
going to the river, one third released by the sewage system to fields and one third collected,
treated and sold. As our biggest urban area is Barcelona city, we assumed two thirds re-
leased to the sea, one third storaged in cesspits and so potentially collected. To differen-
tiate between rural and urban we followed the criteria of the Spanish Instituto Nacional
de Estadística, which considers as urban the settlements with a population higher than
2000 inhabitants. We did not account for urine due to the difficulties to collect it and the
high losses due to ammonia volatilization.
Once these assumptions are accepted, the difficulties were the same like those for an-
imal manure. Production of human faeces is between 135-270 g·day-1·cap-1 fresh weight
without urine (Gotaas, 1956). According to the number of inhabitants per settlement (Es-
teve, 2003), the average of potentially collected human faeces was 37.8±12.3 kt. Table 4
shows the NPK composition of humanure. 
TABLE 4
Average values of nutrient composition of humanure
N (%) P (%) K (%) Water (%)
Average 1.02±0.66 0.28±0.26 0.32±0.21 75±8
Source: Galán (2015: Annex 4.B).
2.3.3. Differences from NPK losses
The next important difference from García-Ruiz et al. (2012) concerned the emission of
nutrients to the atmosphere or water bodies. We could not find historical sources for the
losses of N, P and K, although for the analysis c. 1860 were presumably found in Cas-
cón (1918). However, this engineer only mentioned some experiments of N losses in ma-
nure in other countries and did not quantify nutrient losses on his farm, at least in the
work cited, so we found an alternative way to quantify nutrient losses. 
The Guidelines of the Intergovernmental Panel on Climate Change (Eggleston et al.,
2006) quantified the N emissions linked to agriculture as nitrous oxide (N2O) is a green-
house gas. Given that not all the N emissions are directly in the form of N2O, IPCC (Ibíd.,
2006) also accounts for other forms of N such as ammonia (NH3) or nitrates (NO) and
nitrites (NO), which eventually can end in N2O through reduction or oxidation. NH3
emissions are through volatilization, NO and NO through leaching. Nitrification is the
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aerobic microbial oxidation of ammonium (NH) to nitrate and denitrification is the anaer-
obic microbial reduction of nitrate to nitrogen gas (N2), both processes produce natu-
rally N2O. 
N emissions in agriculture follow two processes: through storage, which involved al-
most 50% of the N in manure; and through management of agricultural soils, which in-
cluded other fertilizers, tillage and irrigation. To calculate the losses during storage we
needed to separate dung from straw (as the main losses occur in dung). Therefore, we es-
timated the amount of straw used and its composition correcting the amount of straw used
per livestock type from Cascón (1918) with the available straw (JCA, 1923) and the NPK
values for crop type by Soroa (1953). These considerations apply to humanure as well.
The remaining details of the application of the IPCC guidelines to the Catalan case study
are detailed in an extended way in Galán (2015: 116-25).
Using the methodology of IPCC (Eggleston et al., 2006) to calculate the N losses gives
more robustness to the balance c. 1920 than to c. 1860. We revised the numbers of Tello
et al. (2012) and we concluded that although the specific fluxes would have been quan-
titatively different, N coincides with the N losses calculated through IPCC (Eggleston et
al., 2006), which is approximately 50%. The values for P losses are very low and barely
affect to 2% of the total P losses. The values for K losses are overestimated and account
for 13% of the total K losses.
Tello et al. (2012) also overestimated the losses from lixiviation. Considering a
Mediterranean climate, they should have multiplied the lixiviation factor only by the ir-
rigated land and not by all cropland area, and hence their value would drop from 5.5 to
0.23 kg of N·ha-1. Besides, they underestimated the losses from denitrification of man-
aged land, which corrected using the methodology from IPCC (Eggleston et al., 2006)
would have rose from 1.5 to 6.5 kg of N·ha-1 approximately. However, the overall balance
for N would not have significantly changed as they did not include N additions due to
irrigation.
Something similar would have happened with K losses. Tello et al. (2012) calculated
losses due to natural processes of 1.3 kg·ha-1, which accounted for 8.9% of the total K
inputs. However, c. 1920 we did not take into account K losses because in Mediterranean
climates would be negligible (Garcia-Ruiz et al., 2012). Hence, as K losses were overes-
timated when comparing the overall balance we have to consider that K inputs c. 1860
should be 4.1% higher.
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2.3.4. Differences from rainfall (deposition) and irrigation
We did not follow the same methodology than Tello et al. (2012) for deposition and irri-
gation. The reason is that they took a value from a model for deposition from Holland et
al. (1999) and did not account for NPK flows though irrigation. By doing so, they did
not follow García-Ruiz et al. (2012), but this is because they could not find the appro-
priate sources. The steps that we followed to include them for the study c. 1920 were the
following.
For deposition, we looked for values from a low-polluted area. Probably, the best well-
known sampling site for ecology scientists in Catalonia is La Castanya valley in Barcelona
province. Rodrigo (1998) measured wet deposition of N-NO3
-, N-NH4
+, P-PO3
4- and K+ as
27.9 (±2.3), 31.9 (±3.4), 1.03 (±0.12) and 3.45 (±0.42) µeq/L along a year (1995-96).
These values, corrected by the average precipitation of Barcelona province are in Table
5. Values of N were still higher than the ones of Garcia-Ruiz et al. (2012), whereas P and
K were lower. We found even lower values in Holland et al. (1999), who attribute a pre-
industrial N deposition levels of 0.43 kg·ha-1·y-1 (0.07-0.60) and 0.67 kg·ha-1·y-1 (0.19-
1.12) to Mediterranean scrubland and xenomorphic forest/woodland respectively. The lat-
ter were the values used in the previous chapter by Tello et al. (2012). However, Holland
et al. (1999) did not take into account pre-industrial cropland areas but only natural veg-
etation, which could explain why their values are so low. Lacking of other criteria, we used
data from Table 5.
TABLE 5
Average wet deposition corrected by precipitation averages (1971-2000)
N-NO3- N-NH4+ P-PO43- K+ Precipitation Average 
(kg·ha-1) (kg·ha-1) (kg·ha-1) (kg·ha-1) (1971-2000) (mm)
Barcelona 2.36 2.68 0.12 0.86 640
Source: Rodrigo (1998) and AEMET.
Contributions of nutrients dissolved in water for irrigation could be approximated by con-
centrations in current unpolluted streams nearby the study case (Garcia-Ruiz et al., 2012).
Lacking data of unpolluted streams, we collected 10 years average data from fountains
in unpolluted areas of each province from ACA3 online database (Table 6). The values
were similar to those considered in Garcia-Ruiz et al. (2012) 2.0, 0.05 and 2.0 mg·L-1 of
N, P and K. 
3. Agència Catalana de l’Aigua is a public entity considered the hydraulic authority in Catalonia.
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TABLE 6
NPK content of water for irrigation in Barcelona province c. 1920
N (mg·L-1) P (mg·L-1) K (mg·L-1)
2.96 0.04 2.01
Source: averages from Agència Catalana del’Aigua (ACA).
We assumed that intensities of water use by crop type would match on average with those
reported in Medios que se utilizan para sumministrar el riego a las tierras y distribución
de los cultivos de la zona regable (JCA, 1916). This report quantified irrigation at province
level per hectare of crop type. Irrigation, with perhaps the exception of horticultural land,
was only “support” irrigation. Water inputs were the minimum doses just to avoid the fail-
ure of the crop, e.g. irrigated wheat was watered twice along all the crop lifespan (JCA,
1916). We applied the irrigation doses to the irrigated crop types described in 1922 (JCA,
1923).
3. RESULTS
Circa 1860, manure and humanure were the source of more than the half of NPK added
to soils (Table 8). Due to the dynamics of the N cycle, the other fertilizers e.g. hormigueros,
biomass buried were more important for P and K than for N. Manure and humanure were
the source of more than the half only for K c. 1920 (Table 9). N additions due to the N
cycle dynamics were still important (33%). However, synthetic fertilizers comprised for
10, 56 and 20% of NPK respectively. 
Circa 1860 vineyards extracted 37, 40 and 44% of NPK in harvest respectively, fol-
lowed by rainfed cereal and legumes with 30, 30 and 19%, irrigated cereal and legumes
10, 8 and 8% and horticultural land 3, 5 and 5% (Figure 3). In the system c. 1920, vine-
yards extracted 29, 29 and 45% of NPK in harvest respectively, rainfed cereal and
legumes 23, 18 and 15%, irrigated cereal and legumes 16, 10 and 9% and horticultural
land 14, 23 and 14%.
As we discussed in last section, the changes added in the methodology would not mod-
ified significantly the results of Tello et al. (2012). Therefore, despite inaccuracies and un-
certainties, in both cases the nutrients extracted were almost in equilibrium with the nu-
trients added. The weakest point of the balance in Sentmenat was N, while K and P were
almost in equilibrium. Circa 1920 the most unbalanced nutrient was K.
Elena Galán del Castillo
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TABLE 7
Summary of sources used in the NPK balance c. 1920
Extractions Harvest Produce JCA (1923)
Pruning Marco et al. (n. d.)
NPK values Soroa (1953)
N emissions Manure storage Eggleston et al. (2006)
Soil management Eggleston et al. (2006)
Additions Synthetic fertilizers Applied JCA (1921)
NPK values Average values in Aguirre-Andrés 
(1971); Gallego (1986); García 
Luzón (1922); López-Mateo 
(1922); Soroa (1953)
Organic non-manure Rainfall (Deposition) Rodrigo (1998)
Free-Fixation García-Ruiz et al. (2012); 
Loomis, Connor and Cassman
(2011)
Humanure Population settlements Esteve (2003)
Production Gotaas (1956)
Recollection Garcia-Faria (1889)
NPK values Galán (2015: Annex 4.B)
Symbiothic N fixation Legume crops JCA (1923)
Green manure area JCA (1921)
Green manure NPK values Average from Soroa (1953)
Fix. Factors García-Ruiz et al. (2012)
Seeds Amount Soroa (1953)
NPK values Soroa (1953)
Irrigation Irrigated area JCA (1916, 1923)
Water doses JCA (1916)
NPK values ACA
Other Applied JCA (1921)
NPK values Galán (2015: Annex 4.B)
Manure Manure Livestock numbers MF (1924)
Live weights JCA (1920) 
Manure production Average of values in Cascón 
(1918), JCA (1920) and
references included in Marco et 
al. (n. d.), Aguilera (1906), JCA 
(1892), Loomis, Connor and 
Cassman (2011), and Van Slyke 
(1932)
NPK values Average of values in Galán
(2015: Annex 4.B) for the
corresponding livestock types in
MF (1924)
Straw Beddings Cascón (1918)
NPK values Soroa (1953) for the
corresponding leguminous
crops production of JCA (1923)
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TABLE 8
NPK balance for farmland in Sentmenat c. 1860
N (kg·ha-1) P (kg·ha-1) K (kg·ha-1)
Rainfall 0.7 0 0.9
Free N fixation 4.7
Symbiotic fixation 3.0
Seeds 0.5 0.1 0.1
Manure 7.5 2.4 6.6
Human sewage finally applied 4.3 0.8 0.9
Other fertilizers 2.1 1.4 2.3
ADDITIONS 22.8 4.7 10.8
Harvest 12.5 3.7 8.9
N losses due manure storage 5.8 0.1 1.3
N losses due soil management 5.6 0 1.3
EXTRACTIONS 23.9 3.8 11.5
Balance A-E -1.1 0.9 -0.7
Source: Tello et al. (2012).
TABLE 9
NPK balance for farmland in Barcelona province c. 1920
N (kg·ha-1) P (kg·ha-1) K (kg·ha-1)
Rainfall 5.04 0.12 0.86
Free N fixation 4.00
Symbiotic fixation 12.55
Irrigation 5.76 0.09 3.90
Seeds 1.29 0.19 0.45
Manure 27.89±5.12 6.19±1.38 20.76±5.87
Humanure 1.77±0.97 0.48±0.18 0.56±0.31
Synthetic fertilizers 6.68 8.83 6.50
Other fertilisers 0.00 0.00 0.00
ADDITIONS 64.97 15.89 33.03
Harvest 40.54 7.98 34.36
N losses due manure storage 11.56±2.27
N losses due soil management 7.90±0.13
EXTRACTIONS 59.99 7.98 34.36
Balance A-E 4.98 7.91 -1.34
Source: our own.
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FIGURE 3
NPK balance of the cropland area of Sentmenat c. 1860
and the province of Barcelona c. 1920
Source: Tello et al. (2012) and our own as described in text.
The nutrient balance of the cropland area of Sentmenat c. 1860 published in Tello et al.
(2012) has been adapted to the legend used here. Note that the two balances are not at
the same scale. Negative values represent extractions and losses, positive values are ad-
ditions of nutrients. Error bars are the accumulation of Standard Deviations in each ex-
traction or addition bar and are due to the estimation of manure, humanure and the N
emissions associated. 
4. DISCUSSION
As we said in methodology section, due to scale differences we can only compare the ba-
lances between c. 1860 and c. 1920 between fertilizer type, composition of harvest and
the overall balance.
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4.1. Type of fertilizer
The origin of fertilizers strongly differed in both cases. The non-manure organic fertili-
zers had more weight c.1860 than c. 1920 in the replenishment of all nutrients. Among
these non-manure, the main source of N c. 1860 was free fixation, while c. 1920 were le-
guminous crops consistently with the greater cropland area sown. 
There was more manure available c. 1920 than c. 1860 (4.57±0.68 t·ha-1vis-à-vis 1.4
t·ha-1 respectively). However, although higher than in Sentmenat, the average in Barcelona
province did not reach the manure doses recommended by the agronomists of the time,
around 6-7.2 t·ha-1 (Llorente & Galán, 1910). Manure was mainly applied to cereal and
leguminous crops (from the source we cannot distinguish between irrigated or rainfed)
and then to horticultural land (JCA, 1921).
The use of humanure per ha is higher in the system c. 1860 despite lower population
densities as less was lost due to the disposal system type, opposite of what happened in
the city of Barcelona, where the proximity of the sea and the bad conditions of the sewage
systems (García Faria, 1893) allowed less recovering of humanure. 
The rest of fertilizers that we grouped as “other” (homigueros, ashes and other mate-
rials buried) were higher c. 1860 than c. 1920. The reason is that we could not quantify
them c. 1920 as, in contrast to neighbouring provinces, they were neglected by the agron-
omist in charge of Barcelona (JCA, 1921). These other fertilizers could respond to prac-
tices relevant at local level but were diluted at a more aggregated scale. This could explain
why the engineers of the Junta Consultiva Agronómica did not consider them. Another
possible explanation relies in the intensity of labour of these practices (Tello et al., 2012).
The significant rise in agricultural wages experienced between the two dates (Garrabou
& Tello, 2002), together with the peak of deforestation attained during the First World War
(Cervera, Garrabou & Tello, 2015), would have reduced these fertilizing practices (e.g.
hormigueros). 
Synthetic fertilizers were absent c. 1860. In Barcelona province the main type used was
Superphosphate, which together with potassium sulphate were mainly applied to vines.
The rest of synthetic fertilizers were mainly applied to cereal and leguminous crops (from
the source we cannot distinguish between irrigated or rainfed), except for slag of iron ores
(Escorias Thomas), which were mainly applied to grasslands (JCA, 1921). According to
the same source, when compared with its neighbouring provinces, Barcelona had the high-
est use of this kind of fertilizers, probably due to the commercial port.
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4.2. Composition of harvest 
In both systems, vineyards and rain-fed cereals extracted the most of the nutrients. Ho-
wever, in the system c. 1920 irrigated cereals and legumes and horticultural land extract
higher share of nutrients than in the system c. 1860. This is due to the greater area (in
horticultural land) and the increase of yields in both due to improvements in the irriga-
tion system and to higher the availability of organic and synthetic fertilizers due to the pro-
ximity to Barcelona city as was discussed in the methodology section.
4.3. The nutrient balance
The Spanish agronomists at the beginning of the twentieth century knew that to preserve
or increase their fertility, it was necessary to refill the nutrients extracted by crops. They,
criticised insistently the low livestock densities and the ensuing chronic insufficiency of
manure, and recommended the use of other fertilizers (synthetic and organic) as an oblig-
atory complement to manure (Cascón, 1918; García Luzón, 1922; Llorente & Galán,
1910; Rueda y Marín, 1934). Along with the sellers of P fertilizers (Escorias Thomas,
1897), they argued that although N was the main concern in agriculture, it was the main
nutrient returned by organic fertilizing methods. Therefore, there was a need to comple-
ment them with fertilizers rich in other nutrients. 
In addition, other agronomists insisted in abandoning the extended belief that per-
manent wooden crops, such as olive groves or vineyards, did not need fertilization. Be-
sides, they provided other complementary sources of nutrients, cheap and available for
farmers, such as human faeces, dry blood, shearing residues, or even the dead and dried
bodies of locusts hunted when there was a plague (López-Mateo, 1922; Soroa, 1929). This
belief was a heritage from the times when the produce (wine or oil in this case) was just
a part of all the extractions (i.e. vegetal covers, pruning) from these wooden crops
(González de Molina et al., 2014; Infante-Amate & González de Molina, 2013). Less in-
tensity of extractions meant that without human driven fertilization the N balance was
compensated by natural entries and P and K were removed from the soil reservoirs
(González de Molina et al., 2014). 
Beyond agronomists considerations, tenants and sharecroppers had to accomplish the
contractual obligations of landowners concerning fertility, which started to be common
in the second half of the nineteenth century. They could be, for example, the prohibition
to sell the straw and the obligation to use it as bedding material for the manure of the farm,
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or the obligation to burn the pruning from vineyards in soil covered piles called
hormigueros and use them as fertilizer (Saguer & Garrabou, 1996).
A key missing point in this study is the amount of fertilizers applied per crop type. We
know from other historical studies that there were strong differences. For example, in the
South of the Iberian Peninsula fertilizing efforts were concentrated in the lands closest
to villages due to transport and labour costs. The faraway olive groves were barely fertil-
ized (González de Molina, 2002; González de Molina & Guzmán, 2006). 
A similar situation could have been happening in the vineyards of our case study, as
from qualitative sources we know that they were not fertilized at all c. 1860, a trend that
started to be broken from the beginning of the twentieth century with the American
breeds. In both balances, the overall nutrients extracted were almost in equilibrium with
the nutrients added. The most unbalanced nutrient c. 1920 was K. Recall that vineyards
occupied the half of cropland and extracted more K than other crops and so had more
influence in the K of the overall balance than other crops. Synthetic fertilizers were used
in vineyards according to JCA (1921) but according to the observations of the agrono-
mists above mentioned there were vineyards that were not fertilized. From Sentmenat c.
1860, we know that the smallest landowners (<5 ha) had nearly only vineyards, whereas
larger landowners had a combination of rainfed and irrigated grain, vineyards and forest
(Garrabou et al., 2010). Only if this land distribution was maintained c. 1920, the poor-
est smallest farmers, who mainly had vineyards, had not access to sources of fertilizers
c. 1920, i.e.market, forest or livestock. Hence, our hypothesis is that c. 1920 largest farm-
ers fertilized their vineyards but smallest did not, and this is reflected in the overall bal-
ance. Future research on land ownership and availability of fertilizers is needed to test
this hypothesis. 
5. CONCLUSION
We have improved the methodology to build a balance of soil nutrients in Sentmenat c.
1860 of Tello et al. (2012) and applied it to the case of the province of Barcelona c. 1920.
These changes included the use of more sources and more justification of some decisions.
However, if these changes would be applied to Tello et al. (2012) the results of the ove-
rall balance would not change significantly. 
In addition, we have discussed the changes in both systems using the information from
the nutrients balance. From the data collected c. 1860 in Sentmenat, it was concluded
that vineyards were under-fertilized not because there were insufficient organic fertiliz-
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ers but mainly due to the lack of access of many small winegrowers to livestock, pas-
tureland and woodland (Tello et al., 2012), as it can be understood by considering land
distribution. We have seen that c. 1920, harvest and fertilizers added were higher overall
due to manure, more leguminous crops but also synthetic fertilizers, which were inexis-
tent c. 1860.
The main limitation of this study is that we cannot distinguish the application of fer-
tilizers per crop type. However, we guess that the wooden crops owned by smallest farm-
ers without access to sources of fertilizers (i.e. market, forest, livestock) were underfer-
tilized. Relating fertilizer availability, crop types and ownership would bring into light the
relation between inequality and fertility.
This attempt of comparing two incomparable cases is more important due to its heuris-
tic value than due to results. We believe that we have solved some pending steps of the nu-
trient balance from Tello et al. (2012), thus paving the way for future researchers to link
Environmental History with socioeconomic factors.
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